Emission stability enhancement of a tip-type carbon-nanotube-based field emitter via hafnium interlayer deposition and thermal treatment Carbon nanotubes (CNTs) were deposited on a tip-type tungsten substrate via electrophoretic deposition, in which a hafnium thin film was used as an interlayer. The long-term (up to 24 h) emission stability of the CNT-based field emitter was remarkably enhanced when the hafnium interlayer was coated and thermally treated. This is attributed to the enhanced adhesion between the substrate and the CNTs. An x-ray photoelectron spectroscopy study and nano-scratch measurement provided a convincing evidence of the increase in the adhesive force. Carbon nanotubes (CNTs) have been considered the most promising materials for point-type cold electron sources for xray tubes due to their mechanical and chemical stability as well as their superior electron emission properties, which include their low turn-on field and high current density. 1, 2 CNT-based field emission cold cathodes have been fabricated either by directly growing the CNTs on substrates, such as in plasma-enhanced chemical vapor deposition (CVD) 3 and thermal CVD, 4 or through indirect methods, such as dip-coating, 5 screen-printing, 6 spraying, 7 and electrophoretic deposition (EPD). 8 The indirect methods have been more widely utilized than the direct methods due to their advantages, which include their simpler deposition apparatus, lower processing temperature and cost, and easier scale-up. On the other hand, the indirect methods have technical limitations, which include nonuniform dispersion of CNT powders and weak adhesion of the substrate to the CNT layer. To address these problems, many studies have been carried out for the purpose of enhancing the adhesive force between the substrate and the CNTs by coating the substrate with various materials before the CNT deposition. [9] [10] [11] In most of those studies, however, the CNTs were deposited on flat-type substrates, which are not desirable for application to micro-focused x-ray systems; and neither were the experimental proofs of the enhancement of the adhesive force between the CNTs and the substrates presented in detail, nor were the long-term (at least longer than 8 h) emission stability data reported.
In this study, a CNT-based field emitter was manufactured with tip-type tungsten (W) substrates, in which a hafnium (Hf) metal was used as the interlayer between the CNTs and the substrate. It was demonstrated that the initial emission current (100 lA) of the CNT emitter could be stably maintained at more than 20 h without any degradation by coating the Hf interlayer and by thermal treatment. Through a mechanical measurement with a nano-scratch tester (NST, CSM Instruments), convincing evidence was presented that the adhesive force between the CNTs and the substrate could be strengthened. An x-ray photoelectron spectroscopy (XPS) (MultiLab 2000, Thermo) study also showed that the thermally treated CNT was clung to the Hf-coated W-tip substrate with additional chemical forces besides the van der Waals force.
To prepare a tip-type substrate, a 300 -lm-diameter W rod was electrochemically etched in a 2-mol/l KOH solution by applying a voltage of 3 V DC between the W rod and the ring-shaped platinum (Pt) electrode. Through this process, the W rod was made to have a conical shape, such as a tip with a very sharp apex that had a diameter of approximately 1 lm. Before the CNT deposition, a thin (approximately 100-nm-thick) Hf film, as the interlayer, was deposited on the W-tip substrate via RF magnetron sputtering. As emitting materials, CNTs were deposited on the Hf-coated W-tip substrate using the EPD method, as follows. The carbon powders that partially had thin multi-walled CNTs were purified with a magnetic stirrer in a solution with a 1:1 volume ratio of concentrated HNO 3 and H 2 SO 4 acids and placed in a vessel with a dispersion medium of 50 ml isopropyl alcohol (IPA). The charger material Mg(NO 3 ) 2 Á 6H 2 O (15 mg) was added to this suspension to increase the deposition rate and to improve the adhesion of the powder particles to the W-tip substrate. Then the CNT solution was uniformly mixed via sonication for 10 min. The Hf-coated W-tip substrate was used as the cathode electrode, and the anode electrode was a titanium-nitride (TiN)-coated p-type silicon wafer. The distance between the two electrodes in the suspension was kept at 10 mm. The deposition of the CNT films was carried out by applying a constant voltage of 80 V DC, and the deposition time was fixed at 40 s. Subsequently, the CNT emitters with an Hf interlayer were thermally treated at 700 C (argon ambient) in an inductively coupled plasma-chemical vapor deposition (ICP-CVD) chamber for 30 min. The actual images of the tip-type CNT emitter and the CNTs' surface were obtained using a field emission scanning electron microscope (FESEM, JSM-6330 F, JEOL), which are shown in the insets of Figure 1 . It was observed that there were little differences in the FESEM images when the Hf interlayer was deposited and even after the CNTs were thermally treated. The electron emission characteristics of the fabricated CNT emitters with or without an Hf interlayer were measured using a compact field emission measurement system, before and after thermal treatment (denoted by "asdeposited" and "annealed," respectively). In this measurement, the distance between the anode (ITO-coated glass) and the cathode (CNTs) was fixed at 1 mm, and the results are shown in Figure 1 by plotting their emission currents as functions of applied fields (i.e., I-E curves). It seemed that coating the Hf interlayer hardly affected the I-E characteristics of the as-deposited CNT emitters. After the CNT emitters were thermally treated, on the other hand, the threshold field (E th ) for initiating electron emission, which was defined as the applied field required to obtain the emission current of 1 lA, was substantially reduced to 0.60-0.67 V/lm from 0.79-0.80 V/lm, and the emission current that was measured in the identical applied field of 1.0 V/lm noticeably increased up to 77-349 lA from 18-19 lA.
To explain why the thermally treated CNT emitters started electron emission at lower driving fields and showed higher emission currents, Raman spectroscopy (T64000, JobinYvon) was performed before and after their thermal treatment. Here, the intensity ratio of the so-called "diamond" peak to the so-called "graphite" peak (i.e., I D /I G ) in the Raman spectra, which has frequently been used to evaluate the crystallinity of the CNTs, was estimated. The I D /I G values of the as-deposited CNTs before their thermal treatment were observed to have been within the range of 0.57-0.59. After their thermal treatment, however, their I D / I G values significantly decreased to approximately 0.41, irrespective of Hf-coating. This indicates that the thermal treatment improved the crystal quality of the CNTs. This might have been because the amorphous carbonaceous byproducts, residual binders, and other impurities that were adsorbed on the CNTs' outer wall were somewhat removed during the thermal treatment at a high temperature of 600-700 C inside the ICP-CVD reactor. Here, it was also observed that both the work functions and aspect ratios of the CNTs did not change after their thermal treatment. Accordingly, the enhanced field emission characteristics of the CNT emitters after their thermal treatment are believed to have been mainly due to the improved crystal quality of the CNTs.
It is also noted from the results shown in Figure 1 that the CNT emitter with the Hf interlayer showed better field emission characteristics than the CNT emitter without the Hf interlayer, even though both emitters were thermally treated at the same conditions. To find out the reason for this observation, the XPS for C 1s and Hf 4f of the CNT samples shown in Figure 1 was investigated. As shown in Figure  2(a) , for the CNT without an Hf interlayer, the XPS peaks that represent the chemical bonds of C 1s, such as a graphitelike C-C bond at 284.5 eV, a C-O bond at 286.4 eV, and a C¼O bond at 287.7 eV, did not change after the thermal treatment. For the CNT with an Hf interlayer, however, an additional peak at 281.0 eV that represents an Hf-C bond was detected after the thermal treatment, which means that the Hf atoms in the Hf interlayer were covalently bonded with the C atoms in the CNTs during the thermal treatment. In addition, as seen in Figure 2(b) , the XPS result of the Hf 4f that was measured for the CNT samples with an Hf interlayer showed that only metallic bonds of Hf-Hf existed at around 14.1 eV and 15.7 eV before the thermal treatment, and on the other hand, the metallic peaks disappeared after the thermal treatment and instead, a peak that represents a Hf-O band appeared at a higher binding energy, which indicates that the thermal treatment activated the oxidation of Hf atoms and formed a hafnium oxide layer. In view of the XPS results so far, it can be suggested that the CNTs with an Hf interlayer could form chemical bonds such as hafnium carbide and hafnium oxide via thermal treatment, which indicates that the CNTs could stick to the Hf-coated W-tip substrate more strongly with additional binding forces besides the van der Waals force.
To compare the adhesive forces of all the CNT samples, mechanical measurement with a nano-scratch tester was performed by increasing the tensile force applied to the samples from 0.1 mN to 3 mN. The results for all the CNTs are displayed in Figure 3 . The pictures on the first row of Figure  3 indicate the magnified images representing the first peeloff states of each CNT and here, the adhesive force of each CNT was defined as the force given as causing the first peeling, which was also recorded in each picture. The thermally treated CNT with an Hf interlayer was observed to have the greatest adhesive force of approximately 1.56 mN, whereas the other CNTs exhibited a force within the range of 0.36-0.45 mN. In addition, the pictures on the second row of Figure 3 represent the images of the final peel-off states of each sample when a force of 3 mN was applied. As seen in the pictures, the peel-off area for the thermally-treated CNT with an Hf interlayer was the smallest.
It was also observed that the difference in the adhesive forces of the CNTs strongly affected their long-term electron emission capabilities. The long-term stability test was conducted for up to 24 h at the fixed voltage that was needed to approach the emission current of 100 lA in the initial stage of the test, and the instantaneous emission currents were recorded at 10-min intervals. The results for all the CNTs are compared in Figure 4 . It is noteworthy that the thermally treated CNT with an Hf interlayer kept the emission current almost as high as its initial level, with a small fluctuation of currents for up to 24 h, whereas three other CNTs experienced a similar trend of serious degradation of the emission current as the test progressed. As already considered in the XPS and scratch test measurement, this was ascribed to the enhanced adhesion of the CNT with an Hf interlayer via the formation of stable chemical bonds such as H-C and H-O during the thermal treatment.
In conclusion, it was shown that high emission currents and prolonged emission stability of tip-type CNTs can be ensured by Hf-interlayer coating and thermal treatment. The results of Raman spectroscopy and XPS indicated that such desirable field emission characteristics were ascribed to the enhanced adhesion between the CNT and the Hf-coated Wtip substrate through the formation of hafnium carbide and hafnium oxide, as well as to the improved crystal quality of the CNT during the thermal treatment. The mechanical scratch test also provided convincing evidence that the adhesive force of the CNTs with an Hf interlayer could be strengthened via thermal treatment. 
